Bacteria within aerated environments often exist within a variety of dormant forms. In 24 these states, bacteria endure adverse environmental conditions such as organic 25 carbon starvation by decreasing metabolic expenditure and using alternative energy 26 sources. In this study, we investigated the energy sources that facilitate the 27 persistence of the environmentally widespread but understudied bacterial phylum 28 Chloroflexi. A transcriptome study revealed that Thermomicrobium roseum (class 29 Chloroflexia) extensively remodels its respiratory chain upon entry into stationary 30 phase due to organic carbon limitation. Whereas primary dehydrogenases associated 31 with heterotrophic respiration were downregulated, putative operons encoding 32 enzymes involved in molecular hydrogen (H2), carbon monoxide (CO), and sulfur 33 compound oxidation were significantly upregulated. Gas chromatography and 34 microsensor experiments were used to show that T. roseum aerobically respires H2 35 and CO at a range of environmentally relevant concentrations to sub-atmospheric 36 levels. Phylogenetic analysis suggests that the enzymes mediating atmospheric H2 37 and CO oxidation, namely group 1h [NiFe]-hydrogenases and type I carbon monoxide 38 dehydrogenases, are widely distributed in Chloroflexi genomes and have been 39 acquired on at least two occasions through separate horizontal gene transfer events.
Introduction
discharge helium ionization detector [43, 44] . This customized trace gas analyser 152 (model TGA-6791-W-4U-2, Valco Instruments Company Inc.) is designed to analyse 153 a suite of atmospheric gases across six orders of magnitude in concentrations. Briefly, 154 the system is configured to use two valves as injectors/backflushers, and two valves 155 to front flush or heart cut from the precolumns (Mole Sieve 5A, set at 140°C). Gases 156 are then separated on the main columns (5' X 1/8" HayseSep Db, set at 55°C). The 157 fifth valve is used as a sample loop selector to accommodate a larger range of gas 158 concentrations. Concentrations of H2 and CO in each sample were regularly calibrated 159 against ultra-pure H2 and CO gas standards of known concentrations. With the 160 standards used, the limit of detection was 42 ppbv H2 and 9 ppbv CO. (Table S1 ). Secondly, there was evidence of mobilisation of internal carbon 235 stores, including an acetoin dehydrogenase complex and an electron transfer 236 flavoprotein complex (ETF). Thirdly, primary respiratory dehydrogenases involved in 237 heterotrophic growth (i.e. type I and II NADH dehydrogenases) were downregulated 238 in favour of those associated with lithotrophic metabolism (Figure 1a ; Table S1 ). In 239 both conditions, the terminal oxidases that mediate aerobic respiration were highly 240 expressed and there was no evidence of the use of other electron acceptors; the 241 cytochrome aa3 oxidase was expressed in both phases and the alternative cytochrome 242 bo3 oxidase was upregulated during stationary-phase. In contrast, the F1Fo-ATPase 243 (ATP synthase) was downregulated, a finding consistent with an expected decrease 244 in the availability of respiratory electron donors during carbon-limitation (Table S1 ). 245 Thermomicrobium roseum upregulates genes associated with H2 and CO metabolism 246 under carbon-limiting conditions. The genes encoding the structural subunits of a Figure S1 ; Table S1 ). The structural (trd_1206-1208) and Table S1 ). This suggests that T. roseum uses CO to 259 supplement available organic carbon during growth (mixotrophy) and persistence. 260 Overall, the greatest differential in gene expression involved a 19-gene cluster Collectively, these findings show that T. roseum is more metabolically flexible than 278 previously thought. Figure 1d illustrates the predicted remodelling of the respiratory 279 chain that occurs during the transition from carbon-replete to carbon-limited conditions. of 236 nmol H2 and 166 nmol CO g -1 of protein min -1 ) and moderate apparent affinity 301 (Km app of 323 nM H2 and 544 nM CO) for these substrates (Figure 2c & d) . With Figure 2f) . 321 Findings from the transcriptome analysis and activity studies therefore suggest that T. 322 roseum persists through oxidation of atmospheric H2 and CO. We propose that the Aerobic heterotrophic bacteria from the phylum Chloroflexi are more metabolically 398 versatile than previously thought. The transcriptome analyses clearly shows that T. 399 roseum regulates its metabolism in response to organic carbon limitation, enabling 400 persistence on a combination of exogenous inorganic compounds and likely 401 endogenous carbon reserves. In support of this, gas chromatography measurements 402 showed that the bacterium efficiently oxidises H2 and CO down to sub-atmospheric 403 concentrations during persistence through an aerobic respiratory process. We made 404 similar findings for the ktedonobacterial isolate Thermogemmatispora sp. T81, 405 suggesting that trace gas scavenging might be a common persistence strategy 406 employed by aerobic Chloroflexi. Phylogenetic analyses suggest that T. roseum and 407 Thermogemmatispora sp. T81 horizontally acquired the capacity to oxidise 408 atmospheric H2 and CO via separate events. The apparent convergence in 409 persistence strategies is notable given the distinct evolutionary histories, persistence 410 morphologies (i.e. sporulation in T81), and ecological niches of these bacteria.
411
Resource generalism is therefore likely to be a common ecological strategy for the 412 survival of Chloroflexi in environments where organic carbon may be periodically 413 scarce.
414
More broadly, these findings provides pure culture support for the hypothesis that process has remained unresolved. We show that the expression and activity of carbon 420 monoxide dehydrogenase is linked to persistence, and provide evidence that 421 atmospheric CO serves as an electron donor for the aerobic respiratory chain in this 422 condition. Indeed, as with atmospheric H2, atmospheric CO is likely to be a dependable 423 energy source for microbial survival given its ubiquity, diffusibility, and energy density. 
